Abstract. We review recent theoretical work that analyzes experimental measurements of the shape and fluctuations of red blood cells. Particular emphasis is placed on the role of the cytoskeleton and cell elasticity and we contrast the situation of elastic cells with that of fluid-filled vesicles. In red blood cells (RBCs), the cytoskeleton consists of a two-dimensional network of spectrin proteins. Our analysis of the wave vector and frequency dependence of the fluctuation spectrum of RBCs indicates that the spectrin network acts as a confining potential that reduces the fluctuations of the lipid bilayer membrane. However, since the cytoskeleton is only sparsely connected to the bilayer, one cannot regard the composite cytoskeleton membrane as a polymerized object with a shear modulus. The sensitivity of RBC fluctuations and shapes to ATP concentration may reflect the transient defects induced in the cytoskeleton network by ATP.
Introduction
Red blood cells must adapt to the relatively wide range of capillary sizes found in blood vessels; they must be at the same time deformable while maintaining their cellular integrity and function. This is possible because the cell shape is determined by the combination of a soft, fluid membrane (the lipid bilayer) and a two-dimensional, relatively rigid network (the spectrin cytoskeleton) that lies underneath the bilayer [1] . The coupling between the elastic cytoskeleton and the fluid, lipid membrane is important for understanding the mechanical properties and fluctuation spectrum of the cell [2, 3] . The details of the cytoskeleton components and their geometry vary between cells, but there are general features that are common to all: the fluid bilayer is attached to the cytoskeleton through specialized [4] membrane proteins, confined to small attachment patches of ∼10-50 nm each, that can be relatively sparse (∼100 nm apart in the red blood cell (RBC) [5] ). The cytoskeleton can either be a three dimensional actin gel that fills the entire cell volume or a thin, quasi-two dimensional, protein network as in RBC, and is usually much stiffer than the bilayer; its gel-like structure gives it a shear modulus. The fluctuations of that part of the bilayer that is attached to the cytoskeleton are therefore confined in the normal and lateral directions. It is interesting to see how this highly inhomoge-neous confinement affects the entire membrane, including those sections that are not directly attached to the cytoskeleton.
RBCs have a two-dimensional cytoskeleton composed of an approximately hexagonal network of crosslinked, spectrin protein molecules. Measurements of the thermal fluctuations of the cell membrane result in [6, 7] amplitudes much larger than one would expect [8, 9] if one would attribute the full-shear modulus of the spectrin network to the bilayer membrane. Increasing the shear modulus of the spectrin network by the addition of additional crosslinking agents, has a negligible effect on the observed fluctuation amplitudes [9] . Recent models of RBC fluctuations [2, 3, 10] showed that the sparse nature of the coupling of the two-dimensional cytoskeleton of RBC to the membrane allows significantly larger membrane fluctuations than expected from a model in which the shear modulus of the cytoskeleton is also attributed to the bilayer membranes. The cytoskeleton does have some effect which results in an effective membrane tension [2, 3, 11] as well as a soft potential that confines the membrane fluctuations. Again, in contrast to "dead matter", the cytoskeletal elasticity is regulated by ATP that can change the nature of the actinspectrin crosslinks. Defects in the cytoskeleton induced by ATP may explain the increase in fluctuations as the amount of ATP in RBCs is increased [10, 12] . Other cytoskeletal elastic effects that determine RBC shape include the formation of foldlines [10, 13] in RBCs that are confined to narrow capillaries and to changes in the overall RBC shape [14-16] (echinocyte or discocyte formation). These effects are controlled by ATP, thus indicating how non-equilibrium processes are critical in determining even the steady-state shape of biological cells.
This brief review begins in the next section with a discussion of the elasticity of the two-dimensional spectrin network of red blood cells and its implications for the static and dynamic fluctuations of RBCs. The theoretical predictions are compared with experiments that determine the magnitude of the effective tension and confining potential induced by the cytoskeleton. The observed increase of the fluctuations with ATP activity and its release by deformed RBCs is discussed in terms of cytoskeletal defects induced by ATP.
Elasticity of Red Blood Cells
The shape of red blood cells is strongly determined by the mechanical properties of the cytoskeleton and by ATP activity. The surface of the RBC is a composite material containing an outer lipid bilayer, and an inner, two-dimensional cytoskeleton that is composed of the protein spectrin [5] attached in a sparse manner to the lipid bilayer [2, 3] . The links of the network consist of flexible spectrin molecules (R ∼ 80-100 nm), crosslinked at the network nodes by a complex containing a short (∼30 nm) actin filament, band-4.1 and other proteins [4, 5] . We begin with a discussion of the cytoskeleton effects on the shape fluctuations of RBC and then consider the role of ATP in enhancing both the fluctuations as well as shape changes.
